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WATER VAPOR PLASMA GASIFICATION OF PLASTIC

Growing plastic consumption leads to an ever-increasing flow of waste with a high plastic content.
Plastic waste is almost entirely made from primary raw materials based on fossil fuels; therefore, plastic
is recycled or disposed of. At the same time, a special group of medical waste is classified as toxic and
hazardous materials, subject to additional disinfection during processing and disposal. Plastic is one of
the most widely available energy sources, and gasification allows it to be converted into combustible gases.
The article considers the plasma method of gasification of solid plastic waste. To implement the plasma
method of processing plastic waste, including hazardous medical waste, a laboratory setup was created
to process waste using plasma and study the gasification process. Water vapor, air and mixtures of water
vapor with air and oxygen were used as working gases in the gasification of plastic. vapor arc plasma
torches of various designs with a power of up to 160 kW were used in the plasma reactor. When selecting the
geometric dimensions of the reactor working chamber, the requirement was considered that the residence
time of the processing products in the high-temperature zone should be no less than the time sufficient for
complete disinfection of infectious agents. This time was determined using the equation of the kinetics of the
disinfection process. Calculation of the gasification process parameters was performed using an automated
system of thermodynamic calculations. As a result of the calculations, the energy characteristics and
equilibrium composition of the products of plastic waste processing in water vapor plasma were determined.
The calculations made it possible to determine the requirements for the effective management of the plastic
gasification process. The required operating mode was preliminarily estimated on a smaller-scale laboratory
reactor using a 1.5 kW vapor plasma torch. It was shown that the results of thermodynamic calculations
match the experiment in a heat-insulated reactor and under kinetic conditions. Optimization of the plasma
gasification process will allow the development of industrial technology for processing plastic waste to
produce hydrogen-enriched synthesis gas.

Key words: plastic recycling, vapor plasma gasification of plastic, synthesis gas, plasma technologies,
disinfection, thermodynamic calculations, calculation algorithm.
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Formulation of the problem. Effective
waste management is an increasingly pressing
challenge numerous countries face, primarily due
to its profound environmental impact. In the ever-
increasing waste stream, the share of plastics is
growing, which is becoming a common problem
because it is practically non-degradable in the
natural environment. The consumption of plastic
materials is vast and steadily increasing. Plastics are
“one of the greatest innovations of the millennium”
and have proven their reputation. The durability and
strength of plastics create significant environmental
challenges for waste disposal. With a degradation
rate of between 100 and 1,000 years, the earliest
plastics may still exist in the environment, leading
to severe ecological concerns. Therefore, the first
plastic invented may still exist in nature. The annual
global plastic production is more than 359 million
tons. And it is expected that plastic production will
continue to grow exponentially in the future [1].
According to the forecast of Stubbins et al. [2],
by 2035, the volume of accumulated plastic
waste will equal the number of fish in the oceans.
Traditional materials such as glass, wood, metal,
and paper are gradually being replaced by plastic
due to the shortage of raw materials in the modern
era. Plastic materials are almost entirely produced
from fossil fuel-based virgin raw materials (about
4 % of fossil fuels are used for this) for various
applications. Because of this, plastic that ends up
in waste is recycled or disposed of. First, medical
waste is classified as toxic and hazardous materials.
Currently, 85 % of medical products, such as
intravenous bags, disposable syringes, sterile
packaging, and joint replacements, are made of
plastic due to its lightweight and biocompatibility.
Overall, the plastic fraction constitutes a
significant proportion of the total waste volume.
The dominant plastic types produced globally
include polyethylene (29.6 %), polypropylene
(18.9 %), polyvinyl chloride (10.4 %),
polystyrene (7.1 %), polyethylene terephthalate
(6.9 %), polyurethane (7.4 %), along with other
types of plastic, which collectively account for
approximately 19.7 % of the global plastics
produced. Depending on the end use of the plastic
product, at some point during its life, the plastic will
become waste in various sectors of commercial,
industrial, and household waste. Moreover, plastic
pollution poses chemical hazards, particularly
with substances that contain endocrine-disrupting
chemicals. Additionally, hydrophobic chemicals
can adsorb environmental pollutants [3]. These

chemicals can be directly ingested by organisms or
leak into the environment. Potential impacts include
reproductive dysfunction, low birth rates, loss of
biodiversity, thyroid problems, metabolic disorders,
and increased risk of hormone-sensitive cancers.
Critically sensitive periods for these effects include
the embryonic stages of development, with adverse
outcomes observed at extremely low concentrations.
Plastics also disrupt human life [1]. Chemical
additives in plastics such as bisphenol A (BPA),
phthalates, and brominated flame retardants (BFRs)
can cause critical damage to health. Plastic pollution
reduces human benefits from the oceans by 1-5 %,
equivalent to an annual loss of $2,500 billion.
However, plastic waste can be separated from
various waste streams for subsequent recycling,
recovery, and reprocessing. Therefore, areas for
developing and improving plastic waste recycling
technologies are relevant.

Analysis of recent research and publications.
The financial implications associated with waste
management technologies demonstrate significant

geographic  variability:  US$0.003-0.23/kg  for
mechanical recycling, US$0.083 for chemical
recycling (pyrolysis), US$0.102 for chemical

recycling (gasification), and US$0.04-0.15 for
incineration. According to the North American
Plastic Recycling Market Report, the United
States spent US$2.6 billion on recycling and
US$17-24 million on incineration [4]. Until
now, plastic has been predominantly recycled
mechanically. Mechanical recycling is a low-
cost method that does not require significant
changes in the chemical structure of the materials.
However, mechanical recycling has some
limitations. Recycling all types of plastic, especially
contaminated or made from multiple materials,
is not always possible. In addition, the quality
of recycled plastics may not be as high as that of
primary plastics. Therefore, mechanically recycled
plastics have limited applications. Alternative
methods of producing fuels and feedstocks from
plastic waste are also being explored [5]. The most
common way to dispose of mixed plastic waste is in
a landfill. India, in particular, has been a favourite
dumping ground for plastic waste, mainly from
industrialised countries such as Canada, Denmark,
Germany, the UK, the Netherlands, Japan, France,
and the US [6]. According to government data, more
than 61,000 tonnes of plastic waste entered India
in 1999 and 2000. However, landfills are generally
less preferred overall than other waste management
options. Disposal of plastic waste in landfills is very
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unprofitable because plastic is based on oil or natural
gas and does not decompose in a landfill.

Since plastics only contain carbon, oxygen,
and hydrogen atoms, incineration is still used in
some energy recovery plants. Incineration is also
preferable to landfilling. However, incineration is
not the best option for plastic disposal. Incineration
leads to problems with incinerator ash and CO,
emissions, which cause the greenhouse -effect.
Incinerators dump landfill waste into the sky and
create new pollutants.

When evaluating plastic recycling scenarios,
pyrolysis performs better than landfill and
incineration, but worse than other recycling options.
It should be noted that plastic waste management
analyses typically do not consider possible future
formation changes: the amount of plastic entering
the waste stream and its diversity. Waste streams can
be reduced in response to the desire and suitability
for recycling. Recycling is the best possible solution
to the plastics industry’s environmental problems.
However, many subsequent problems need to be
addressed shortly.

Task statement. The article aims to increase
knowledge of the plastic waste recycling sector. This
knowledge will enable the development of resource-
saving technologies for recycling plastic that ends up
in waste and is not used as secondary raw materials.
In addition, the work aims to study the processes of
water vapor plasma gasification of plastic to obtain
synthesis gas enriched with hydrogen.

To achieve the set goals, it is necessary to
complete the following tasks:

1. Considering the results of thermodynamic
calculations of the processes of water vapor plasma
gasification of plastic, develop and study a water
vapor plasma reactor for gasification of plastic.

2. Study the efficiency of the reactor using water
vapor, air, and a mixture of water vapor with air and
oxygen as working gases.

The work’s results will reduce emissions and
leakage of hazardous substances from landfills into
the atmosphere and groundwater, reducing the need
for space for waste disposal.

Outline of the main material of the study. Cur-
rently, two primary technologies are employed for
converting plastic waste into energy: pyrolysis and
gasification. Pyrolysis, also known as thermal deg-
radation, involves heating plastic waste at a tem-
perature of about 300-650 °C in the absence of O,,
and the main product can be petroleum fuel. In gas-
ification, plastic waste reacts with a gasifying agent
(e.g., steam, oxygen, and air) at a high temperature
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of about 1000-1300 °C, resulting in synthesis gas.
The main difference between these methods is the
product obtained. Synthesis gas can be further used
to produce many products, such as fuel for fuel cells,
power generation, etc. Thus, gasification leads to a
significant reduction in the volume of plastic waste.
Consequently, this process reduces the consumption
of fossil fuels.

Below is an in-depth analysis of the plasma
method for recycling solid plastic waste. Since the
calorific value of plastics is comparable to that of
fuel, fuel production would be a better alternative.
In this way, we are trying to solve the problem of
plastic waste disposal and the shortage of traditional
fuel, thereby contributing to the preservation of a
sustainable environment.

Research on the gasification of plastic materials
is relatively sparse, indicating a significant gap
in academic literature. Although there are several
experimental and theoretical studies [7-11]
on plastic waste gasification, more detailed
development of the process is an important task. A
promising alternative is plasma pyrolysis combined
with reforming, which allows the synthesis of
gas to be obtained with a high hydrogen content
and is utterly free of resin. The authors’ study was
conducted in this vein. Developing value-added
waste recycling technologies is highly desirable, as
it will increase the economic incentive for plastic
recycling. Their gasification can certainly be
developed into an effective recycling method for
producing synthesis gas enriched with H, and CO.
Although industrial-scale references are given in the
literature, future breakthroughs in the process will
require further experiments, and work on improving
the design of the equipment, and optimization of the
technology. Advances in this area will contribute
to the improvement and broader use of gasification
reactors. Although plasma technologies have a long
history, their application in waste disposal is still
limited. However, over the past twenty years, plasma
technologies and waste disposal research have
increased [12].

Plasma technology has long been used for surface
treatment, coating, and disposal of hazardous waste.
Still, its application in plastic waste, especially
polyethylene terephthalate, has not been fully
explored due to the high energy consumption of
plasma gasification reactors. The treatment of plastic
waste using various chemical recycling methods that
convert plastic waste into fuel and other valuable
products has attracted many researchers. In the
paper [13], reviewing the status of the problem,
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competitive  technologies, and  opportunities
for further research in the field of plastic waste
gasification, the authors identify plasma gasification
as a competitive technology.

To implement the plasma method of processing
plastic waste, the authors created a laboratory
setup designed to develop, study and demonstrate
the process of processing various waste using
plasma. The results obtained by the authors can be a
guideline in creating such industrial installations.

Fig. 1 shows the laboratory reactor illustration for
vapor plasma gasification.

Fig. 2 shows vapor arc plasma torches in various
designs with a power of up to 160 kW. The working
gases used are water vapor, air, and mixtures of
water vapor with air and oxygen.

The reactor (Fig. 1) can process both plastic
waste and hazardous medical waste, as well as their
mixtures.

To perform calculations on thermodynamic
equilibrium in the process of thermal transformation
of initial materials under the action of a high-
temperature steam-air plasma jet, it is necessary to
interpret the actual composition of the processed
materials in the form of their typical representatives
under the accepted concepts of chemistry.

Considering the diversity of materials related to
the same group of waste, a typical representative
was selected for each of them, the structure of
which is displayed as a gross formula. Such a
representation is quite rough from the point of
view of obtaining the final products of the reaction
occurring under “mild” conditions; however,
such a representation is justified for the analysis
of high-temperature transformation (pyrolysis,
conversion). For polyethylene and polypropylene
containing only carbon (C) and hydrogen (H) atoms,
the same gross formula was used in subsequent
calculations — C;H,,. For polyvinyl chloride (PVC),
which contains a chlorine atom (Cl), the formula
C,H,CI was used. PVC has an advantage over other
plastics in that it is easily mixed with additives.
This gives the material a wide range of uses. Many
environmental disadvantages of PVC compared
to other plastics are as follows: leakage of heavy
metal stabilizers and the formation of dioxins
during combustion. The separate collection of PVC
waste by type of product is hardly possible. The
overwhelming majority of dry medicinal products
contain active components in hundredths of a
percent, and the basis is starch-based fillers. Starch,
like cellulose, is a polysaccharide; accordingly,

Fig. 1. General view of the laboratory reactor for water vapor plasma gasification: a — reactor with a tangential
plasma torch installation in section; b — 100 kW vapor plasma jet against the background of the reactor
and scrubber; ¢ — plasma torch installation with a steam preparation system in the reactor

Docking Device

Steam plasma

C

Fig. 2. Vapor electric arc plasma torch with a power of up to 160 kW: a — vapor plasma torches with hollow
copper electrodes (3 pcs.) and a tungsten hot cathode (3 pcs.) with recuperative heating of vapor before blowing
into the arc chamber; b — plasma torch with hollow copper electrodes according to a three-electrode scheme
and a docking device; ¢ — plasma jet at the outlet of the docking device
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the same gross formula was used for them as for
dressings — C,H,,Os. With an average moisture
content of 20 %, a specific moisture content
was adopted for each group of materials under
consideration. Thus, it was assumed that the amount
of moisture directly introduced with them was zero
when processing only polymeric materials.

In the model consideration of physicochemical,
heat and mass transfer, and thermogasdynamic
processes occurring at elevated temperatures,
problems arise regarding finding the reaction
products’ composition and determining the
thermodynamic and transport properties of high-
temperature surroundings. These properties, in turn,
also depend on the composition of the working
fluids — multi-component mixtures of dissociating
gases and individual condensed phases, and are
functions of state: temperature, pressure, specific
volume, etc. As a rule, considering kinetic,
heat, and mass transfer processes at eclevated
temperatures, which are already at the stage of
setting the modeling problem, leads to significant
difficulties. Detailed calculation schemes are
usually associated with mathematical complexities
and the absence of the necessary closing initial
data, and in simplified models, with excessive
schematization of the process. In this regard,
thermodynamic simulation methods have gained
tremendous popularity. They assume that the
working fluid in the processes under consideration
forms a conditionally closed, isolated system in
which local phase and chemical equilibrium have
been established. In this approximation, the state
of the system is determined only by the content of
chemical elements in it and the value of two state
parameters.

The wvalidity of wusing the thermodynamic
equilibrium approximation is justified by the high
level of energy concentration in the volumes under
consideration and, consequently, the high rates of
transformation processes, which instantly bring the
environment to a state of local equilibrium.

To calculate the specific energy costs for high-
temperature processing of plastic waste, in addition
to knowing the parameters of the equilibrium
composition  corresponding to the selected
temperature of the process, it is necessary to
understand the standard enthalpy of formation of the
initial materials to be processed. Unfortunately, such
data are unavailable in the literature for many of
these components. Therefore, for many substances
consisting mainly of hydrocarbons, an approach
based on the well-known empirical formula
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of D.I. Mendeleyev for calculating the heat of
combustion of substances was chosen as an indirect
method for determining the standard enthalpy of
formation.

One of the basic requirements for processing
hazardous and harmful waste is to ensure its reliable
disinfection. The technology being developed
involves conducting the waste processing process
in the range of 1000-1600 °C. Therefore, when
choosing the geometric dimensions of the working
chamber of the reactor, it is necessary to ensure
that the condition is met, which consists in the fact
that the residence time of the processed products in
the high-temperature zone should be no less than
the time sufficient for the complete disinfection of
infectious agents contained in the original products.

Since at the planned high temperatures
decomposition reactions of almost all materials
proceed with high speed to the end, a gross equation
of the following form was chosen to describe the
kinetics of the decontamination process:

Pk (T)ex,
dt
where x is the fraction of non-disinfected agents,
k(T) — rate constant depending on temperature T K,
sec’!, T — time, sec.
The solution of which

x(t)=exp(—k(T)e1)

allows to determine the degree of decomposition at
selected temperature and reaction time.

To evaluate the generalized dependence of the
reaction rate on temperature calculated for the
most resistant materials, it was assumed that at a
temperature of 100 °C and a 2 second exposure
time, the proportion of virulent agents retaining
viability is 0.99999, and at 1100 °C and the same
exposure time — 10, which practically coincides
with the condition of complete disinfection.

The result is for the rate constant in the form of
an Arrhenius dependence:

)
R T

We have: 4 = 1049,5 sec!; E = 59421,1 kJ/kmol;
Ry = 8,314 kJ/(kmolK).

The obtained data allow estimating the
required residence time of infected medical waste
in the reaction zone for different temperatures
(see Table 1).

K(T)zA-exp(—
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Table 1
Dependence of the required residence time of
infected medical waste in the reaction volume on
the temperature of the decontamination process

t, °C T, K k(T), cex-1 T, CeK
1000 1273 3,82435294 | 3,010426
1100 1373 5,75646499 2
1200 1473 8,19671816 | 1,404578
1300 1573 11,1585897 1,031755
1400 1673 14,6407443 | 0,786362
1500 1773 18,6299391 0,61798
1600 1873 23,1039009 | 0,498311

Thermodynamic calculation of the process of
recycling waste of various compositions using a
low-temperature plasma jet as an external heat
source and reaction components requires knowledge
of its main quantitative indicators. In the case
under consideration, the plasma jet can be formed
both by using only water vapor and water vapor
and air in a particular proportion. Moreover, in the
latter case, not only can atmospheric air be used,
but air enriched with oxygen can also be used,
up to technical oxygen. The calculation is based
on the energy balance method using the original
components’ total enthalpy and the resulting plasma
jet of a given temperature.

The enthalpies were calculated using the
automated thermodynamic calculation system
TERRA. The initial enthalpy of water vapor
corresponded to the total enthalpy of saturated
water vapor at a temperature of 100 °C, and the
enthalpy of air corresponded to the total enthalpy
at 20°C. The calculations were performed for
various water/air ratios in the plasma jet, using
atmospheric air (n = 0.23, where n is the mass
fraction of oxygen) and oxygen-enriched air
(m=0.55).

One of the most thermodynamically stable
products of high-temperature plasma waste
treatment is carbon monoxide — CO. Its formation
can occur due to the oxidation of free carbon by
oxygen contained in the plasma jet and oxygen
released during the decomposition of a water
molecule. The reactions indicated are as follows:

H,0—H,+0,50, (242334 kJ/kmol),
C+0,50, —»CO (-124413 kJ/kmol).

The energy AQ, that must be expended to
obtain 1 kg of oxygen by decomposing water is:
AQ, = 242334/16 = 15146 kJ. In this case, 8/9 kg of
oxygen is obtained from 1 kg of water.

The amount of energy AQ, released
during carbon oxidation by oxygen is:
AQ, =(8/9)124413/16 = 6912 kI.

Thus, the carbon oxidation by oxygen contained
in 1 kg of water (the reaction of carbon conversion
by water) is described by the overall reaction in the

form:
C+H,0—->H,+CO

requires energy expenditure
AQypo =AQ, —AQ, = 15146 — 6912 = 8234 kJ.

Oxidation of carbon directly by oxygen contained
in the plasma jet releases energy (per 1 kg of
oxygen): AQq,= 124413/16 =7776 kJ.

Using the results of calculating the parameters
of the plasma jet for specific temperatures and at
different water/air ratios, it is possible to construct
graphs of the dependence of the energy that will be
released in the reaction volume during the combined
reaction of carbon conversion and oxidation on the
temperature of the plasma jet (Fig. 3, 4).

300

W. kW

Fig. 3. Energy balance of the process of carbon
oxidation by a vapor — air plasma jet at different water
vapor/air ratios: 1 -1/0; 2 - 0,9/0,1; 3 — 0,8/0,2;
4-0,7/0,3; 5 - 0,6/0,4; 6 — 0,5/0,5; 7 — 0,4/0,6;
8-0,3/0,7; 9 -0,2/0,8; 10 — 0,1/0,9; 11 - 0/1
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300
W. kW

N

Fig. 4. Energy balance of the process of carbon
oxidation by a vapor -air plasma jet at different ratios
of water vapor/oxygen-enriched air: 1 -1/0; 2 — 0,9/0,1;
3-0,8/0,2; 4-0,7/0,3; 5 - 0,6/0,4; 6 — 0,5/0,5;
7-0,4/0,6; 8 —0,3/0,7; 9 - 0,2/0,8; 10 — 0,1/0,9; 11 — 0/1

The energy characteristics and equilibrium com-
position of the products of plastic waste processing
with steam-water plasma were obtained under the
following restrictions: no soot formation; all steam
comes with the plasma jet.

Several calculation algorithms have been devel-
oped to calculate the recycling processes of plastic
waste.

The algorithm for calculating the process of recy-
cling waste at a given power and temperature of the
plasma jet, as well as the composition of its constitu-
ents, assumes the following sequence:

1. We calculate the plasma jet’s composition,
total, and component consumption based on a given
set of plasma-forming substances, the plasma torch’s
thermal power, and the plasma jet’s temperature
(Table 2). The following components were
considered: H, H,, H,0, CI, Cl,, HCI, N,, NH;, Cc,
Co, CO,, CH;, CH,, C,H, C,H,, C,H;, C,H,, C,H,,
CH, C,H,, CHO, CH,0, CH,0,, CH,CIl, CH,CI,
C,HC], CN, C,N,, HCN, HNC, C;NH, C,NH, C,NH,
C,NH, N,C, CICN.

As an example, Table 2 shows various calculation
options for such polymeric materials as polyethylene
and polyvinyl chloride with the following
parameters:
unit capacity — up to 100 kg/h;
plasma torch power — 100 kW;
plasma jet temperature (T,;) —2000-3000 °C;
water/air or oxygen-enriched air ratio of
components forming the plasma jet — 0+1 (weight
fractions);

— temperature in the reaction volume (T,) —
800, 1000, 1200, 1400, 1600 °C.

2. Calculate the enthalpy values for forming
processed substances.

3. Based on the given composition of the
processed substances and the enthalpies of their
formation (item 2) and the composition of the
plasma jet at its given temperature (item 1), we
calculate the parameters of the reaction products
for different values of temperature in the reaction
volume.

4. Based on the energy balance condition, we
determined the actual temperature in the reaction
volume corresponding to the thermal power of the
plasma jet.

5. For the actual temperature of the reaction
volume, we specified the composition of the reaction
products.

When calculating the maximum plant capacity,
general and additional limitations were considered.

Table 2

Calculation options for polyethylene (PE) and polyvinyl chloride (PVC)

4 | PE | pvec |HO| O, | T, | T, v H, | cO | co, | N, | HCl | Cc
kg/h °C m’/kg Mass fractions

1 17 8,5 27,3 - 2800 1100 9,7 0,108 | 0,783 | 0,005 - 0,094 -

2 | 40 20 15 - 3000 1100 7,8 0,107 | 0,31 - - 0,155 | 0,42

3120 10 27 16,21 2600 1200 8,4 0,07 0,57 | 0,014 | 0,25 0,07 -

4 | 40 20 15,5 | 3,6 3000 1100 7,3 0,09 0,33 - 0,13 0,13 0,32

51 30 15 34 | 18,8 | 2400 1200 8,3 0,07 0,62 0,04 0,14 0,08 -

6 | 42 21 15,6 | 8,6 3000 1200 8 0,09 0,42 - 0,07 0,13 0,29

v — specific volume of processed products, m*/kg.
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General limitations for all plant operating
modes are:

a) the lower temperature of the reaction volume
is the temperature below which the conversion
reactions occur at a low rate, and below which waste
disposal is not guaranteed;

b) the upper temperature of the reaction volume
is limited mainly by the materials’ heat resistance
and, in some cases, by the formation of undesirable
substances.

Additional limitations can be applied if a
condition is imposed for the absence of the
formation of certain substances, such as the presence
or absence of carbon in condensed form (soot).

The algorithm for determining maximum
productivity in the absence of soot formation
assumes the following sequence:

1. For a sequence of plasma jet temperatures
(in the range of 2000-3000 °C) and at different
water/air (oxygen-enriched) ratios, the maximum
(for these plasma jet parameters) amount of
processed substances was selected, at which soot
formation does not occur.

2. Based on the results obtained in step 1, a graph
of the dependence of the maximum productivity
of the installation on the plasma jet temperature
is constructed. At the same time, a graph of the
dependence of temperatures in the reaction volume
corresponding to the maximum productivity as a
function of the plasma jet temperature is constructed.

3. Based on the restrictions on the permissible
range of temperature changes in the reaction volume,
the allowable range of the plasma jet temperature
was determined, within which the maximum possible
productivity should be determined.

4. Simultaneously with the graphs of step 2,
the dependences of the change in the proportion of

Trv, °C
L2300 5
1600
1400 4
1200 A
1000
300 A

600

2600 2800

Tpls, °C

2630 2700 2730 2800 2830

a

components in the total flow of reaction products
(of interest to the researcher) on the plasma jet
temperature are constructed. Such graphs make
it possible to introduce additional restrictions on
the permissible range of change of the plasma jet,
defined in step 3, where the concentration of some
components goes beyond the allowable limits.

Similar graphs can be constructed for different
variants of plasma-forming substance ratios.

The algorithm for determining maximum
productivity without restrictions on the soot
formation process is similar to the previous one.
Still, the permissible range of operating parameters
is significantly expanded in this case. It should be
noted that the productivity of the waste processing
plant increases considerably with the same nominal
power as the plasma torch (100 kW).

The calculations performed using the proposed
algorithms obtained the dependencies presented in
Figs. 5 (a, b), 6, 7, and 8.

The calculations have shown that:

1. When the amount of water vapor in the reac-
tion space corresponds to the stoichiometry of the
processed products, synthesis gas of optimal com-
position is formed, soot formation is excluded, and
the probability of formation of undesirable harm-
ful products (methyl chloride, etc.) is reduced. Tak-
ing this into account, an excess of water vapor is
desirable.

2. Increasing the water supply with the plasma
jet, with limited plasma torch power, reduces its
temperature, leading to a corresponding drop in tem-
perature in the reaction volume, slowing down endo-
thermic reactions, i.e., decreasing plant productivity.

3. Limiting the water supply through the plasma
torch (15 kg/h) with compensation for the missing
water according to stoichiometry due to additional

P, kg'/h

31 5

20

27 -

23 A

23 A

21

19 T T T T T |
2600 2650 2700 2750 2800 2850 2900

Tpls, °C
b

Fig. 5. Calculated dependences of the temperature in the reaction volume (a) and maximum productivity (b)
on the temperature of the vapor — air plasma jet (water/air 0.8/0.2) under the condition Cc =0
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Fig. 6. Calculated dependence of CO concentration
on the load at different temperatures of the vapor —
air (water/air — 0.7/0.3) plasma jet: 1 — 2800 °C;
2-2700°C; 3-2600 °C; 4 —2500 °C
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Fig. 7. Calculated dependence of the concentration
of the main reaction products on the temperature
of the water vapor plasma jet:
1-CO;2-H,;3-HCl;4-Cec
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superheated steam up to 500 °C does not provide
a noticeable gain, since superheating steam from
100 °C to 500 °C does not require a large amount of
energy (the main energy is spent on evaporation of
water).

4. Removing restrictions on soot formation
allows for a significant increase in the plant’s pro-
ductivity, but it is necessary to ensure the capture of
soot particles at the outlet. In this case, soot can be
considered a valuable by-product in high demand.

5. Adding air (or oxygen-enriched air) to the
plasma jet in addition to water vapor, while main-
taining the required balance in terms of maintaining
the required temperature of the plasma jet, allows
to increase the productivity of the plant due to the
occurrence of oxidative (exothermic) reactions,
but at the same time the quality of the synthesis gas
decreases (its calorific value decreases). Naturally,

260 Tom 36 (75) N2 32025

when adding air to the plasma jet, especially oxygen-
enriched air, the required temperature in the reaction
volume can be maintained at a significantly lower
(by 500-600 °C) temperature of the plasma jet.

6. When processing polymeric materials, in the
absence of its own moisture, with the removal of the
limitation on soot formation, the plant’s productivity
is 2.4 times greater than without the restriction. A sep-
arate water supply (15 kg/h with the plasma jet, and
the remaining 12.3 kg/h separately at a temperature of
500 °C) is equivalent to increasing the plasma torch
power by 2.7 kW, which does not provide a notice-
able gain. Adding air to the plasma jet steam raises
the reaction volume’s temperature and increases
the productivity by ~ 1.3 times and adding oxygen-
enriched air increases the productivity by 2 times.

7. When processing a mixture of medical waste,
provided that its own moisture is up to 20 %, the
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problem of soot formation does not arise. When
using steam-water plasma with a plasma torch power
of 100 kW, the plant’s productivity is up to 52 kg/h
(considering its own moisture). When air is added to
the plasma jet, productivity increases by 1.2 times;
when oxygen-enriched air is added, productivity
increases by 1.4 times.

Steam gasification reactions typically operate at
high temperatures to achieve optimal reaction rates
because they are highly endothermic. In a typical
steam gasifier, at least 35 % of the feedstock must
be burned to achieve the process, which results in
the formation of additional harmful compounds.
When considered comprehensively, plasma gasifi-
cation was identified as the most environmentally
friendly method for plastic waste treatment from
ecology, economics, and strategic vision perspec-
tives. A roadmap for economic and environmental
vision was presented, which resulted in a financial
profit with an 80 % rate of return, a payback period
of 1.2 years, and a gross margin of 129 % for a
120 t/day plasma reactor [14, 15]. However, optimi-
zation is required for industrial scaling.

The energy-efficient laboratory vapor-plasma
setup (Fig. 9) includes a steam plasma torch
(Fig. 2a) with a power of up to 160 kW, operating
on water vapor, air, and a mixture of water vapor
with air or oxygen. The plasma torch is connected
to the reactor tangentially to the cylindrical work-
ing chamber (Fig. la) through a docking device
(Fig. 2 b, c). Atmospheric pressure plasma jets are
the primary tool for gasification. However, the small
size of atmospheric pressure plasma jets limits their
use for small-scale material processing. To solve this
problem, the authors developed a docking device
for increasing the plasma volume without additional
power sources or circuits [17].

In this case, additional gas flows are located
orthogonally in the direction of jet propagation,
which leads to the formation of new plasma
regions along these flows. This approach increases
the plasma volume, increasing the effective area
available for surface interaction. The setup contains
a plasma torch power source based on an adjustable
thyristor rectifier with an open-circuit voltage
of 600 V and an operating current of up to 300 A,
waste feed and dosing mechanisms with a capacity
of up to 100 kg/h, ash removal, a scrubber for
cleaning synthesis gas (Fig. 1 b), and control
and monitoring systems. The reactor contains a
cylindrical chamber with an internal wall made of
heat-insulating ceramics. Plasma is introduced above
the surface of the waste material tangentially so that

Fig. 9. Schematic diagram of the plastic gasification
plant
1 — reactor; 2 — plasma torch; 3 —loading device with
a system of locks; 4 — device for screw feeding of
raw materials; 5 — device for removing ash; 6 — heat
exchanger; 7 — device for the outlet of synthesis gas

the main heating of the material occurs by radiation
from the chamber wall. Partial supply of oxidizer
(superheated water vapor with oxygen or air) occurs
through the grate. At the reactor outlet, a heat
exchanger (gas-water) is provided for the recovery
of thermal energy of the outgoing synthesis gas.
Crushed plastic waste is fed to the movable grate by
a screw feeder. A sluice gate is provided to prevent
the release of flammable gases. The temperature
of the gases leaving the reactor is maintained
at 800—1200 °C by regulating the arc current of
the plasma torch. Before switching on the waste
feed, the reactor is heated to a wall temperature of
1300-1500 °C by a plasma torch operating in air.
Switching to water vapor or a mixture of steam
and oxygen occurs with waste feed. The reactor
operates with an excess pressure of 20-50 Pa.
Slag is removed through a water seal, eliminating
atmospheric air suction.

The gasification of plastic waste (a mixture
of polyethylene with polyvinyl chloride at a ratio
of 2:1) was carried out in three variants: using only
water vapor, a mixture of water vapor with air, and a
mixture of water vapor with air enriched with oxygen
to 50%. In all cases, the consumption of plastic waste
was maintained to exclude soot formation.

The required operating mode was preliminarily
assessed visually based on the absence of smoke in
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Fig. 10. Vapor plasma gasification of plastic waste in a laboratory setup with a 1.5 kW plasma torch, reactor
wall temperature at the outlet is 950 °C: a — lack of vapor (presence of soot formation), b — stoichiometric ratio
(absence of soot formation)

the laboratory reactor’s exhaust gases (Fig. 10 a, b)
using a 1.5 kW vapor plasma torch.

Vapor plasma gasification has been studied in
general, and the results of thermodynamic calcula-
tions agree with the experiment in a thermally insu-
lated reactor under kinetic conditions. A description
of energy-efficient vapor plasma technologies for
processing plastic waste can be found in [16-18].
Plastic gasification is a fast reaction at optimal tem-
peratures with a residence time of up to 1 sec for
volatile products. However, scaling is limited by
increasing the required plasma torch power with
increasing process productivity. Heat recovery from
exhaust gases at the reactor inlet is also useful.
Perhaps the only solution to the problem is to com-
bine the thermal energy introduced into the reactor
from the plasma torch and partially oxidize the raw
material with air (oxygen-enriched air or oxygen).
It is noteworthy that in this case, a combined two-
stage process can be implemented in one reactor.
The plasma energy mainly provides effective high-
temperature (1300-1500 °C on the reactor wall)
conversion of solid waste into the gas phase with a
dispersed component in the form of a vapor phase
of decomposition products, soot and resinous com-
pounds. This entire mixture is converted to synthesis
gas with a temperature of 900-1100 °C at the reactor
outlet. In this case, nitrogen and carbon dioxide will
appear in significant quantities in the synthesis gas,
and the percentage of hydrogen will decrease. How-
ever, this mode allows for the increase of reactor
productivity without soot formation and, as a result,
an increase in the synthesis gas yield with a decrease
in the required specific power. The results of experi-
ments on the gasification of a mixture of polyethyl-
ene with polyvinyl chloride in a reactor (Fig. 1) are
shown in Fig. 11. The useful power of the plasma
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jet was maintained at 100 kW for three operating
modes:

1. working gas — water vapor 27 kg/hour, pro-
ductivity 25 kg/hour (curves 1.1 and 2.1 in Fig. 10);

2. working gas — water vapor 27 kg/hour + air
27 kg/hour, productivity 35 kg/hour (curves 1.2 and
2.2 in Fig. 10);

3. working gas — water vapor 34 kg/hour + air
enriched with oxygen 0.5/0.5 34 kg/hour, productiv-
ity 45 kg/hour (curves 1.3 and 2.3 in Fig. 10).

As Fig. 11 shows, regulating water vapor has vir-
tually no effect on the output of hydrogen and car-
bon monoxide but serves to suppress soot formation
and the output of resinous compounds. The relative
amount of H, and CO decreases, the ratio remains
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Fig. 11. Concentrations of H, and CO gases depending
on the modes of vapor plasma gasification of a mixture
of polyethylene with polyvinyl chloride in accordance
with Table 2: 1.1, 2.1 — vapor plasma gasification;
1.2, 2.2 — plasma gasification in a mixture of vapor
with air; 1.3, 2.3 — plasma gasification in a mixture
of vapor with oxygen-enriched air
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virtually unchanged, and the production of synthesis
gas increases.

Generally, the first phase of solid gasification
involves heating, evaporation, and reaction of
carbon with air, oxygen, and vapor at a temperature
of 400-700 °C or higher, providing the necessary
heat from plasma and exothermic reactions. Using
a vapor plasma gasification system, plastic waste
is decomposed to form hydrogen (~ 60 %) and
CO (~ 30 %) at the reactor outlet with a steam/
plastic ratio of (~ 1/1) at a temperature of ~ 1000 °C
using an electric arc vapor heater.

Conclusions. A unit for the gasification of plastic
waste using plasma has been developed and studied.
Water vapor, air, and mixtures of water vapor with air
and oxygen were used as working gases during plastic
gasification. The geometric dimensions of the reactor
working chamber were determined considering the
requirement for the time of complete disinfection
of hazardous medical plastic waste in the high-
temperature zone. The effect of operating conditions
on the productivity of the gasification plant was
studied, and the composition and yield of synthesis
gas were estimated. It was shown that the process
occurs without soot formation with excess water
vapor. Increasing the vapor supply and temperature
can improve gasification’s reactivity and productivity.

The sustainability of any plastic waste
management system depends on many factors. When
selecting the latest technologies, plasma gasification
should be considered a leading waste management
option. There is experience and great potential
for developing and applying plasma gasification
technology with energy recovery. Undoubtedly,
vapor plasma gasification can be developed into an
industrial technology for recycling plastic waste into
hydrogen-rich synthesis gas. Complex waste can be
converted into usable energy products. However, if
the safety issues of plasma gasification technologies
have a positive answer, then whether they can be
made reasonable awaits their solution, since these
approaches so far lead to the exploitation of more
natural resources rather than resource and energy
conservation. The plasma gasification reactor should
be designed in such a way that it is suitable for mixed
plastic waste from small and medium production.
In addition, technology optimization should reduce
capital investment and operating costs and thus
increase the economic viability of the process.

Thus, plastic gasification may be a promising
method for reducing environmental pollution and
generating energy. The resulting synthesis gas can
be converted into heat, electricity, biofuel, hydrogen,
biomethane, etc.
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Ilerpos C.B., bonaapenko C.I., CanrinoBa O.B., Koinecnuk B.B., Opjuk B.M., lanuapcskuii M., Poii E.
MHMAPOITJIASMOBA T'3U®PIKALIS IIJIACTUKA

3pocmanns cnodicu8ants NAACMUKY npu3e00ums 00 HOCMIHO20 30L1bUeH s NOMOK) 8I0X00i8 3 GUCOKUM
emicmom niacmmac. Ilnacmukoi 8ioxoo0u matidice NOGHICMIO GUCOMOBILEHT 3 NEPBUHHOI CUPOBUHU HA OCHOBI
BUKONHO20 NAUBA, MOMY NIACMUK nepepodaaoms abo ymunisyroms. [lpu ypomy ocobnugy epyny ckiadarome
MeOuuHi 8i0X00U, 5K BIOHOCAMBCA 00 MOKCUYHUX Ma HeDe3neuHux mamepianie, wo niojisiearoms iXxHbomy
000amKo8OMY 3He3apadiceHHI0 npu nepepoodyi ma ymuaizayii. ILnacmux € 00HUM 13 HAUOITLUWL WUUPOKOOOCINYNHUX
Oorcepen enepeii, eazugirayis K020 00380JIA€ NePemeopumy o020 Ha 20pioyi 2asu. Y cmammi po3enaHymo
NIA3ZMOBUL MEMOO 2a3uikayii niacmukosux meepoux 6i0xodis. [{nsa peanizayii niazmogoeo memooy nepepooKu
RIACMUKOBUX 810X0018, Y MOMY YUCTI | HeOe3NeUHUX MEOUHHUX 8I0X00I8, CMBOPEHO NAOOPAMOPHY YCIAHOBKY,
npuzHaveny Ons nepepooKu 6i0X00i8 3 BUKOPUCNAHHAM NAA3MU, @ MAKOJC OJisl OOCAIONCEeHHs Npoyecy
eazugpixayii. Ax poboui eazu npu eazugixayii niacmuxy UKOPUCMOBYSANUCS 600SIHA NAPA, NOGIMPSL I CyMIuli
B00AIHOI napu 3 Nosimpsam i KucHem. Y NiasmMoeomy peakmopi 8UKOPUCIOBYBANUCA NAPOGI eleKmpooyeosi
NIA3MOMPOHU Y DIZHOMY GUKOHAHHI nomyoscHicmio 0o 160 xBm. I[lpu eubopi ceomempuunux po3mipie
PobOUOI Kamepu peakmopa 6paxo8aHo 6UMOZY, WO 4ac nepedysants NPoOyKmie nepepooKu @ 30Hi GUCOKUX
memnepamyp mae Oymu He MeHuie 4acy, 00CmamHb020 O NOBHO20 3HE3APANCEHHs IHQEKYIIHUX aceHmIs.
Leti yac susnayeHo 3 GUKOPUCMAHHAM PIBHAHHA KIHeMUKU npoyecy 3uesapaxcents. Pospaxynox napavempis
npoyecy 2asughikayii GUKOHAHO 3a OONOMO20I0 ABMOMAMU308AHOT CUCTNEMU MEPMOOUHAMIYHUX PO3PAXYHKIS.
B pezynomami nposedenux po3paxyHKie 6usHa4eHO enepeemuyHi XapaKkmepucmukyu ma pi6HO8AMCHUL CKIA0
npOOYKmMi8 nepepooKu Niacmmaco8ux 8i0xodie y naposodsnii niasmi. Ilposedeni po3paxynxu 003601uUU
BUBHAYUMU HeOOXIOHT 8UMOU edheKMUBHO20 8edelHsl npoyecy easugikayii niacmuky. Ilonepednvbo nompionuil
pedrcum pobomu OYiHIO8AIU HA 1AOOPAMOPHOMY PEAKMOPi MEHULO20 MACWMADY NPU GUKOPUCTNAHHT NAPOBO2O
naazmompona nomyascuicmio 1,5 kBm. [oxazano, wo pezyriomamu mepmMoOUHAMIYHUX PO3PAXYHKIE 00Ope
30iealombcsl 3 eKCHepUMEHmMoM )y Mena0i30Ib08AHOMY PeaKxmopi ma ApU 6UKOHAHHI KIHEMUYHUX YMOE.
Onmumizayis npoyecy niazmo8oi eazughikayii 003601ume po36UHYmMU iX Y NPOMUCIOB)Y MEXHONL02II0 nepepodKU
NIACTNUKOBUX 8IOX0018 3 OMPUMAHHIM CUHINES)Y 2d3), 30a2aueH020 BOOHEM.

Knwouosi cnosa: nepepodoxa niacmuxy, naponiazmosa easugikayis niacmuky, CuHmes 2das, Nniamosi
MexXHON02il, 3He3apPaNCeH s, MEPMOOUHAMIYHT PO3PAXYHKU, PO3PAXYHKOBUU ANICOPUMM.
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